Summary: This study examined the pattern of protein synthesis in the neocortex, caudate-putamen, and the hippocampus following transient forebrain ischemia in rats, The animal model of temporary ischemia used in this study causes permanent damage to vulnerable neu rons with a time course of injury that varies fr om hours (caudate nucleus) to days (hippocampus), To examine the spectrum of proteins synthesized in these regions at 3 and 18 h after recirculation, cerebral proteins were pulse-la beled in vivo by an intravenous injection of [ 3 sSJmethio nine. Newly synthesized (3sS-labeled) and constitutive (unlabeled) proteins were analyzed by two-dimensional gel electrophoresis and fluorography, In all three brain regions, specific proteins underwent preferential syn thesis (Mr �27,000, �65,000, �70,000, � I 10,000), while others showed decreased synthesis (neuron-specific eno lase, 0.-and l3-tubulin). There was an early (3 h post isch emia) induction of the Mr � 70,000 mammalian "stress"
protein; at 18 h post ischemia, its synthesis remained high in the hippocampus but was diminished in the neocortex and had largely subsided in the caudate-putamen, All re gions at 18 h showed increased synthesis of an Mr �50,OOO protein, tentatively identified as glial fibrillary acidic protein. The results show that temporary forebrain ischemia induces changes in protein synthesis that in clude features similar to those observed in other eukary otic cells subjected to injurious stress, These postisch emic changes in protein synthesis are qualitatively similar in all brain regions examined despite regional differences in the severity of subsequent neuronal damage. The per sistent synthesis of the Mr � 70,000 stress protein in the hippocampus, however, may reflect continued metabolic injury long after the ischemic episode has passed, Key Words: Cerebral ischemia-Heat shock proteins-Pro tein synthesis-Stress proteins-Tw o-dimensional gel electrophoresis.
sumption of protein synthesis may not extend equally to all cellular proteins (Kleihues et aI., 1975; Dienel et aI., 1985) , Previous in vitro studies indicate that following transient global ischemia in the gerbil and the rat brain, a protein (Mr � 70,000) is synthesized (Nowak, 1985; G. A. Dienel et aI., unpublished observations ) that belongs to the class of "heat shock" or stress proteins [for review see Schlesinger et al. (1982) ]. In the present study newly synthesized ( 3 sS-labeled) proteins including stress proteins and constitutive (unlabeled) brain proteins were analyzed by two-dimensional gel electrophoresis and fluorography following the in vivo administration of [ 3 SS]methionine in control and postischemic animals.
During transient ischemia (30 min) produced by occlusion of the four major arteries supplying the brain, all forebrain regions are severely ischemic but subsequently differ in the extent and rate of progression of neuronal cell death (Pulsinelli et aI., 1982a,b) . Following restoration of cerebral blood flow, ischemic cell death progresses for several hours (in the caudate-putamen) to days (in the hip pocampus and neocortex). The majority of CAl py ramidal neurons and striatal small-to medium-sized neurons die, whereas injury to CA 3 pyramidal or neocortical neurons is relatively mild or absent. This phenomenon of selective and "delayed neu ronal cell death" (Kirino, 1982; Pulsinelli et aI. , 1982a) suggests that neurons remain viable throughout the ischemic period or even hours thereafter, but that certain sUbpopulations subse quently succumb owing to ischemia-induced meta bolic derangements of as-yet unidentified nature. The objective of this investigation was to assess whether regional differences in the spectrum of proteins synthesized by postischemic brain tissue exist and possibly predict the success or failure to recover from a potentially lethal insult.
METHODS

Animal experiments
Male Wistar rats (\85-200 g; Hilltop Farms) were sub jected to transient forebrain ischemia by occlusion of the four major arteries to the brain (Pulsinelli et aI., 1982a.h ). On the day prior to the experiment, both vertebral ar teries were cauterized under halothane anesthesia and polyethylene cuffs placed loosely around the common ca rotid arteries without interrupting carotid blood flow. An imals were fasted overnight, and on the next day, carotid cuffs were tightened in the awake, lightly restrained an imals to produce four-vessel occlusion. The carotid cuffs of control animals (n = 3) were manipulated only. During the ischemic period all animals continued to breathe spontaneously but were unresponsive with bilateral loss of the righting reflex. After 30 min of ischemia, the ca rotid cuffs were removed and restoration of carotid blood flow was verified visually. Experimental animals were al lowed to survive for 3 (n = 4) or 18 (n = 3) h following reperfusion. Body temperature was maintained at 37.0 ± OSC during ischemia and the early postischemic re covery period using a thermo-controlled heating system. Rats with generalized seizures were excluded from the study.
Radiolabeling of proteins and preparation of tissue samples Cerebral proteins were labeled by an intravenous bolus injection of 5 mCi per animal of L-[ 3 5S1methionine (spe cific activity 1,064 Ci/mmol; New England Nuclear). Sixty minutes later animals were anesthetized with halo thane and rapidly perfused with ice-cold isotonic saline via the ascending aorta to remove blood from the cerebral vasculature. Following decapitation brains were excised and the forebrain was cut into I-mm coronal sections using a McIlwain tissue chopper. Slices were immersed in ice-cold isotonic saline for dissection of the frontal neo cortex and caudate-putamen (Fig. IA) and the hippo campus at the level of the medial geniculate bodies ( following text) for subsequent two-dimensional gel elec trophoresis.
Subcellular fractions were prepared from parietal neo cortex of both hemispheres (Fig. IB) according to the procedure of Gray and Whittaker (1962) . Parietal neo cortex was homogenized in 9 vols of ice-cold 0.32 M su crose and centrifuged at 17,000 R for 20 min. The pellet (Pi + P2) contains microvasculature, nuclei, mitochon dria, synaptosomes, and myelin (Gray and Whittaker, 1962) . The supernatant was centrifuged at 100,000 R for 60 min to obtain the soluble fr action (S 3 ) and the micro somal pellet (P 3 ). The soluble fraction was dialyzed over night against 50 mM ammonium acetate and lyophilized (Gilbert and Strocchi, 1983) . The particulate fractions were rinsed with 0.32 M sucrose to remove residual su pernatant after decantation, and all fr actions were stored at -80°C until analysis by gel electrophoresis.
The filter disk method (Mans and Novelli, 196 1; Al bright et a!., 1978) was used to estimate amino acid incor poration into brain proteins. Te n-microliter aliquots of homogenate were applied to Whatman 3-mm filtcr disks. Proteins were precipitated with ice-cold 10% trichloro acetic acid containing 0.5% L-methionine, followed by extraction of acid-soluble radioactivity. Disks were dried and incubated in Protosol (New England Nuclear), and 3 5S radioactivity was determined by liquid scintillation counting.
Two-dimensional gel electrophoresis
Tw o-dimensional polyacrylamide gel electrophoresis (2D-PAGE) was performed according to the method of O' Farrell (1975) as modified by Perry et al. (1983) . Dis-sected tissue samples and subcellular fractions were ho mogenized in 10 or 2-3 vols. respectively. of lysis buffer consisting of 8 M urea, 1% sodium dodecyl sulfate, 5 mM dithiothreitol, and 2% ampholines (0.8% each of pH 5-7 and pH 4-6 and 0.4% of pH 3-10 ampholines; LKB). These homogenates were centrifuged for 30 min at 100,000 g to remove nonsolubilized material. Samples from experimental and control animals loaded on the iso electric focusing gels were matched for radioactivity and contained either 5.000 (subcellular fractions) or 20,000 dpm of acid-precipitable material. Electrophoresis in the second dimension was peIiormed in slab gels containing 10% polyacrylamide with a 3'7c polyacrylamide stacking gel. Molecular weight standards (BioRad) included in the second dimension were as follow: myosin (Mr 200.000), f)-galactosidase (Mr 116,000), phosphorylase B (Mr 92,500), bovine serum albumin (Mr 66.000), ovalbumin (Mr 45,000), carbonic anhydrase (Mr 31,000). soybean trypsin inhibitor (Mr 21,500), and lysozyme (Mr 14.000). After Coomassie Brilliant Blue R 250 staining. gels were impregnated with Enlightning (New England Nuclear). dried, and exposed to pretlashed Kodak XAR 5 film (Bonner and Laskey, 1974; Laskey and Mills. 1975 ) for 2 (20,000 dpm) or 6 (5.000 dpm) months.
In a previous study overall rates of protein synthesis had been found to be severely reduced (30-40'7r com pared with control animals) in all three brain regions after 3 h of recirculation but returned close to preischemic levels (70-90% of control) at 18 h (Dienel et al. . 1980) . Since the present approach does not allow quantitation of synthesis rates, tluorographs were analyzed by visual in spection, and relative changes in the incorporation of [35S1methionine among individual proteins were com pared with a reference protein (actin) on the same gel.
RESULTS
2D
-PAGE resolved proteins with isoelectric points ranging from 4. 5 to 7. 0 and apparent molec ular weights between 20 and 200 kDa. The tentative identities of several constitutive proteins, visual ized by Coomassie Blue staining, were inferred from previous reports based on their analogous electrophoretic positions ( Fig. 2A) . These included actin, a-tubulin, f3-tubulin, glial fibrillary acidic protein (GFA), creatine kinase, and ncuron-specific enolase (NSE) (Strocchi et aI. , 1981; Gilbert and Strocchi, 1983; Heydorn et aI., 1983; Lim et aI. , 1983; Pearce et al. , 1983; Perry et al. , 1983; Aono et aI. , 1985; Heydorn et ai. , 1985; Jackson et ai. , 1985) . Other polypeptides were labeled with the prefix "P" followed by their apparent molecular weights in kilodaltons.
Hippocampus
At 3 h of recirculation, the 2D-PAGE pattern of hippocampal proteins stained with Coomassie Blue was indistinguishable from that of control gels ex cept for a faintly detected new Mr � 70,000 protein (P70) (Fig. 2A) . By 18 h, P70 accumulation was clearly discernible by Coomassie Blue staining, J Cereh Blood Flo\\' Me/ah, Vul. 6, Nu. 6, 1986 while the other proteins appeared unchanged ( Fig.  2A) .
Corresponding fluorographs of newly synthe sized proteins revealed that many of the more easily visualized proteins (e.g. , actin, creatine kinase, P34, P73, and P79) did not show appreci able change in their relative 3 5S labeling after isch emia (Fig. 2B ). There were, however, exceptions to this pattern. Synthesis of NSE, a-and f3-tubulin, and several unidentified proteins in the fluoro graphic background became depressed at 3 h of re circulation. At 18 h of recirculation, many of the background proteins remained poorly discernible, while NSE recovery lagged the incomplete re covery of tubulin synthesis (Fig. 2B) . Other pro teins were induced: P70, absent in controls, under went vigorous synthesis at 3 and 18 h of recircula tion (Fig. 2B) . At 3 h, P70 was the most intensely labeled protein in underexposed fluorographs (data not shown) and occurred as three isoelectric variants (Fig. 2B) . PliO (Mr � 110,000), seen faintly in control fluorographs. also showed increased postischemic synthesis, particularly in the basic isomer of the doublet (Fig. 2B) . Two other proteins were less consistently induced by ischemia: P27 (Mf � 27 ,0(0) was found in one of four animals at 3 h and two of three animals at 18 h of recirculation; P65 (Mf �65,000) synthesis increased in two of four animals at 3 h and two of three at 18 h of reperfu sion (Fig. 2B) . Enhanced synthesis of an Mr �50,000 protein, tentatively identified as GFA (see Pearce et aI. , 1983) , was consistently observed 18 h after ischemia.
Caudate-putamen and neocortex
Postischemic changes in the pattern of proteins synthesized in the caudate-putamen and neocortex largely paralleled those observed in the hippo campus (Fig. 3) . Relative synthesis of P70 and PliO was increased at both postischemic intervals; P65 was increased in most animals as well. Labeling of G FA progressively increased relative to actin be tween 3 and 18 h, which was particularly evident in the caudate-putamen. At 3 h after ischemia, la beling of NSE was almost absent in both regions. whereas that of the neuron-enriched tubulins was decreased to a greater degree in the neocortex than in the caudate-putamen (Fig. 3) . At 18 h of reper fusion, NSE showed a persistent reduction of 1 3 5S]methionine incorporation compared with actin.
In contrast to the hippocampus (Fig. 2B) , small amounts of P70 were detected on fluorographs ob tained from one of three control animals (Fig. 3) . However, the relative synthesis of P70 in both neo cortex and caudate-putamen was much higher in animals with 3 h of reperfusion compared with con trol and was followed by a secondary decline in P70 synthesis between 3 and 18 h. Accordingly, no ac cumulation of P70 was observed on gels stained with Coomassie Blue at 18 h after ischemia (data not shown). Expression of P27, inconsistently ob served in the hippocampus, was also subject to considerable variability in the neocortex and cau date-putamen (data not shown). actin (A), cx-and 13-tubulin (cx T, 13T), creatine kinase (CK), glial fi brillary acidic protein (GFA), and neu ron-specific enolase (NSE). Selected polypeptides are designated by the prefix "P" followed by their approxi mate molecular weights in kilo daltons. Note the preferential synthesis of a novel protein (P70) at 3 h after ischemia, its continued synthesis at 18 h (B), and the corresponding accu mulation on Coomassie Blue stained gels (A). Tu bulin syn thesis is only transiently re duced at 3 h, but la beling of NSE remains depressed at 18 h, a time point when GFA syn thesis is greatly enhanced (B).
Relative changes in labeling in the soluble frac tion from postischemic neocortex mirrored those of total cellular proteins (data not shown). P70 and its two isoelectric variants were found predominantly in the soluble fraction (S 3 )' with less in the micro somal fraction (P 3 ) and traces in the p] + P2 frac tion, as previously observed in rat tissues following hyperthermia by Currie and White (1983) . P34 was enriched in both particulate fractions. In the micro-A. Neocortex Marked increase in P70 syn thesis is present at 3 h of reci r culation, followed by a sec ondary decline at 18 h in both regions.
aT pT NSE aT pT NSE somal fraction (P 3 ) obtained from animals at 3 h after ischemia, P34 and P70 were the two most in tensely labeled proteins.
DISCUSSION
Following transient ischemia, the neocortex, caudate-putamen, and hippocampus preferentially synthesized a protein (Mr � 70,000) that by electro phoretic criteria is identical to the major mamma- Schlesinger et al. (1982) ]. Induction of P70 synthesis occurred within 3 h after restoration of blood flow to the brain (see Figs. 2 and 3) , a time point when overall protein synthesis rates in these brain structures are severely depressed (Dienel et aI., 1980) . Cell-free translation of polysomes derived from rat neocortex at 3 h following transient forebrain ischemia similarly yielded an Mr � 70,000 product that was identified as the major heat shock protein by co-migration with translation products obtained from animals subjected to hyperthermia (Dienel et aI., 1986) . Unlike the present in vivo study, cell free translation demonstrated six (Dienel et aI., 1986) rather than three charge variants for P70. This difference in charge heterogeneity could arise from the higher specific activities of proteins achieved in cell-free translation systems or from a methodologic artifact of extraction (Bigbee and Eng, 1982; White and Currie, 1982) .
Apart from ischemia, expression of the dominant Mr � 70,000 stress protein in mammalian brain has been reported after tissue-slicing injury, exposure of cell cultures to hyperthermia, anoxia, and meta bolic poisoning (Currie and White, 1981; Brown. 1983; Pearce et al. , 198 3). Currie and White (198 1) further observed induction of P70 in one rat fol lowing bilateral carotid ligation and concluded that its expression represents a sensitive indicator of a wide variety of different stress conditions including trauma. This is consistent with our finding that P70 was synthesized in small amounts by cortical and striatal tissue in one of three sham-operated non ischemic rats (Fig. 3) .
The time course of postischemic P70 synthesis was not equal in the two most vulnerable regions. Persistent, high synthesis of P70 for at least 18 h in the hippocampus led to an accumulation detectable on Coomassie Blue-stained gels ( Fig. 2A ). This contrasted with the caudate-putamen where P70 synthesis had largely subsided by 18 h of recircula tion and no accumulation was observed by Coo massie Blue staining. Since the temporal profile of neuronal necrosis is characterized by rapid progres sion of cell death (within hours) in the caUdate-pu tamen but delayed and gradual evolution (over days) in the hippocampus (Pulsinelli et aI. , 1982a) , persistent expression of P70 in the hippocampus most likely correlates with progressive cellular in jury in this region. Synthesis of P70 in the neo cortex, a brain area with delayed but mild morpho logic damage, was at an intermediate level.
Three other putative stress proteins (P27, P65, PliO) showed increased synthesis after ischemia but did not accumulate sufficiently to be detected by Coomassie Blue staining. Their electrophoretic mobilities and apparent isoelectric points corre spond closely to several "minor" stress proteins associated with some of the experimental condi tions that induce the dominant Mr � 70,000 stress protein (Atkinson, 1981; Hightower and White, 1982) . Their identities, however, remain speculative. The relative synthesis of two other polypep tides (P73 and P79) with electrophoretic positions analogous to those of stress proteins (Currie and White, 1981; White, 1981; Hightower and White, 1982; Pearce et aI., 1983) was unaffected.
Different stress proteins are known to be induced by different noxious agents (Kim et aI., 1983 (Kim et aI., , 1984 , and the same appears to hold for neocortex sub jected to different types of ischemic injury: The 3 h stress response observed in the present study is distinct from that observed in a comparable period of focal cerebral ischemia (J acewicz et aI. , 1986) . Although some features are shared (e.g. , induced P70, decreased tubulin synthesis), others are not (e.g., induced P65 and PliO); moreover, the pattern of protein synthesis continues to change with deep ening ischemia (Jacewicz et ai., 1986) . These findings suggest that gene expression is acutely sensitive not only to ischemia itself, but to the type of ischemic insult suffered by the brain (e.g., per sistent incomplete ischemia versus nearly complete ischemia followed by recirculation).
Apart from selective messenger ribonucleic acid (mRNA) transcription, synthesis of stress proteins is achieved by a more efficient translation of their mRNA (Schlesinger et aI. , 1982) . Within this reor ganization of gene expression, most untranslated mRNA species remain intact and retain the ca pacity to undergo translation after stressful condi tions have abated (Mirault et aI., 1978 : Storti et aI. , 1980 . The available evidence suggests that this is true for postischemic brain as weI1: NSE and the tubulins show very poor [35S]methionine incorpora tion in the 3 h postischemic cortex (Fig. 3A) despite the finding that mRNA coding for these proteins is preserved (Dienel et al.. 1986) .
Disappearance of the immunohistochemical reac tion for tubulin in ischemic brain tissue following unilateral carotid occlusion in gerbils has been re ported by Yanagihara et al. (1985) . It is unclear from their study whether the observed loss of im munostaining reflected actual leakage of tubulin or microtubules from ischemic neural tissue, a change in antigenicity, or a loss of disassembled tubulin subunits during tissue processing. Within the time frame of the present study, no loss of tubulin sub units was detected on two-dimensional gels ( Fig.  2A) , and in the hippocampus tubulin synthesis tended to recover within 18 h of reperfusion (Fig.  2B) .
Apart from tubulin, synthesis of a protein (Mr �44,000) tentatively identified as NSE was mark edly depressed at 3 h and remained low at 18 h in all three brain regions (Figs. 2B and 3 ). Since NSE is localized exclusively in neurons in the mammalian nervous system (Pickel et aI. , 1986; Schmechel et aI. , 1978; Schmechel and Marangos, 1983) , its per sistent inhibition may represent a sensitive index of continuously impaired neuronal metabolism. This agrees with Francis et al. (1983) who observed de creased NSE activity following selective in vivo de struction of striatal neurons by intracerebral injec tion of kainic acid. Steinberg et al. (1984) reported elevated NSE levels in the CSF of rats subjected to 30 min of four-vessel occlusion, but no obvious loss of NSE from ischemic tissue was noted on Coo massie Blue-stained gels in the present study.
Incorporation of [ 3 5S1methionine into a protein (Mr �50,000) tentatively identified as GFA, a spe cific constituent of glial intermediate filaments (Eng et aI. , 1971; Schachner et aI. , 1977) , was markedly increased in postischemic brain. The prompt and progressive induction of this protein in response to ischemia suggests enhanced metabolic activity of glial cells due to deranged local homeostasis (Plum et aI. , 1985) or compensatory proliferation of astro cytes after neuronal cell loss. Morphologically, reactive changes in astrocytes suggestive of func tional hypertrophy have been observed within 3 h of post ischemic recovery in the experimental model employed in the present study (Petito and Babiak, 1982) .
The spectrum and relative rate of protein syn thesis at 3 h of recirculation were similar in isch emia-resistant and -sensitive regions. The implica tion that postischemic protein synthesis cannot, therefore, predict the ultimate fate of ischemic tissue must be tempered by the unavoidable inclu sion of resistant cells such as glia in the sampling of more vulnerable neuronal popUlations. Tissue aver aging of this nature may mask to a considerable de gree neuron-specific changes in protein synthesis that are quantitatively small but important in the pathogenesis of neuronal damage. Accordingly, we cannot exclude the possibility that specific gene products, either accumulated or suppressed in post ischemic brain, are mechanistically involved in ischemic injury.
Pronounced and divergent shifts in the synthesis of some proteins, such as NSE and GFA at 18 h of recirculation, indicate that although early (3 h) al terations of protein synthesis fail to predict neu ronal damage, later (18 h) changes may correlate well with cell-specific metabolism or viability. Thus, cell-specific proteins, employed as markers, may be valuable tools to monitor the temporal changes in macromolecular metabolism following insults that affect selective cell populations.
